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Abstract
We investigate baryogenesis in the νMSM, which is the Minimal Standard Model
(MSM) extended by three right-handed neutrinos with Majorana masses smaller than the
weak scale. In this model the baryon asymmetry of the universe (BAU) is generated via
flavour oscillation between right-handed neutrinos. We consider the case when BAU is
solely originated from the CP violation in the mixing matrix of active neutrinos. We
perform analytical and numerical estimations of the yield of BAU, and show how BAU
depends on mixing angles and CP violating phases. It is found that the asymmetry
in the inverted hierarchy for neutrino masses receives a suppression factor of about 4%
comparing with the normal hierarchy case. It is, however, pointed out that, when θ13 = 0
and θ23 = pi/4, baryogenesis in the normal hierarchy becomes ineffective, and hence the
inverted hierarchy case becomes significant to account for the present BAU.
1 Introduction
The origin of the baryon asymmetry of the universe (BAU) is one of the most mysterious
problems in particle physics and cosmology, since the Minimal Standard Model (MSM) and the
Big Bang cosmology cannot answer it. So far various mechanisms for generating BAU have
been proposed [1]. One promising possibility is the so-called leptogenesis scenario [2] (see also
Ref. [3]), where the origins of neutrino masses as well as BAU can be addressed at the same
time by introducing right-handed neutrinos with superheavy Majorana masses. The observed
tiny masses of neutrinos can be naturally understood by the seesaw mechanism [4]. Further,
the lepton asymmetry generated by decays of right-handed neutrinos can be a source of BAU.
In the simplest thermal leptogenesis, the required Majorana masses is heavier than about 109
GeV [5].
It should be, however, noted that the connection between the origins of neutrino masses and
BAU can be obtained even when Majorana masses are below the weak scale. One interesting
possibility is the so-called νMSM [6, 7], which is the MSM extended by three right-handed
neutrinos with masses smaller than the weak scale. In this model the problems of neutrino
masses, BAU and also dark matter can be solved simultaneously. One attractive advantage
of the νMSM lies in the fact that the direct detection of right-handed neutrinos becomes
possible [8].
In the νMSM BAU can be generated by invoking the mechanism via flavour oscillation of
right-handed neutrinos [9]. (See also Ref. [6, 10].) In this mechanism the lepton asymmetry
is not generated for temperatures of interest because of the smallness of Majorana masses,
which is very different from the leptogenesis scenario. The lepton asymmetry is separated into
left-handed and right-handed leptonic sectors due to the CP violations in the production and
oscillation of right-handed neutrinos. Then, the asymmetry stored in the left-handed sector is
partially transferred into the baryon asymmetry through the rapid sphaleron transitions [11].
One of right-handed neutrinos in the νMSM, which is a candidate of dark matter, plays no
essential role to generate BAU as well as neutrino masses observed in the oscillation experiments,
since its Yukawa coupling constants should be very suppressed. The rest two are responsible
to BAU via their flavour oscillation, but also induce the masses of active neutrinos through
the seesaw mechanism. Therefore, physics of these two right-handed neutrinos connects BAU
with the neutrino parameters of active neutrinos, i.e., mass hierarchy, mixing angles, and CP
violating phases.
In this letter we would like to extend the analysis in Ref. [6]. Under the considering situ-
ation there are three CP violating phases in the leptonic sector which can be a source of the
asymmetry. Especially, we concentrate here on the case when BAU is originated only from
the CP violation in the mixing matrix U of active neutrinos, namely, the Dirac phase δ and
Majorana phase η in U . We then present the analytical expression of BAU shows explicitly how
BAU depends on these CP phases and the mixing angles of active neutrinos. Moreover, we also
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perform the numerical estimation of BAU and justify the validity of the analytical expression.
2 The νMSM
We begin with the brief review of the model under consideration, i.e., the νMSM [6, 7]. It
is the MSM extended by three right-handed neutrinos νRI (I = 1, 2, 3), which Lagrangian is
given by
LνMSM = LMSM + i νRI γ
µ ∂µ νRI −
(
FαI LαΦ νRI +
MI
2
νRcI νRI + h.c.
)
, (1)
where LMSM is the MSM Lagrangian. FαI are neutrino Yukawa couplings, and Φ and Lα
(α = e, µ, τ) are Higgs and lepton weak-doublets, respectively. The Majorana masses of right-
handed neutrinos are denoted by MI which are taken to be real and positive without loss of
generality. Here and hereafter we work in a basis in which the mass matrix of charged leptons
is diagonal. In this model, neutrinos also obtain the Dirac masses, [MD]αI = FαI〈Φ〉 (〈Φ〉 is a
vacuum expectation value of the Higgs field), after the electroweak (EW) symmetry breaking.
The distinctive feature of the model is the region of the parameter space of Eq. (1), i.e., we
restrict ourselves in the region
|[MD]αI | ≪ MI . 100GeV . (2)
In this case the seesaw mechanism works, and mass eigenstates of neutrinos are then divided
into two groups. One group consists of active neutrinos νi (i = 1, 2, 3). Their masses are found
from the seesaw mass matrix Mν = −MDM
−1
I M
T
D as
U †Mν U
∗ = diag(m1, m2, m3) , (3)
where U is the mixing matrix of active neutrinos. The other one consists of sterile neutrinos
NI which are almost the right-handed states NI ≃ νRI , and their masses are approximately
given by the Majorana masses MI . We then find the neutrino mixing as
νLα = Uαi νi +ΘαI N
c
I , (4)
where ΘαI = [MD]αI/MI are the active-sterile (left-right) mixing matrix. We should stress
that sterile neutrinos NI here are originated from the right-handed neutrinos in the seesaw
mechanism. Thus, we simply say NI as right-handed neutrinos from now on.
In the νMSM three right-handed neutrinos play important roles in cosmology. One of them,
say N1, is a candidate for dark matter of the universe [7]. It is beyond the scope of the present
work to describe this issue. However, one thing being important for later discussions is that
the Yukawa couplings of N1 should be highly suppressed to realise a successful dark matter
scenario. (See the details, e.g., Refs. [12, 10, 13, 14].) As a result, the contribution from N1
to the seesaw matrix Mν becomes negligible [7]. Furthermore, as shown in Ref. [6], N1 plays
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essentially no role to generate BAU. Therefore, we take Fα1 = 0 for simplicity in the rest of
this analysis.
The other right-handed neutrinos, N2 and N3, are then responsible to the masses and
mixing angles of active neutrinos. Notice that the lightest active neutrino becomes massless in
our approximation. Further, the flavour oscillation between N2 and N3 in the early universe
can be a source of BAU through the mechanism proposed in Ref. [9], as we will show below.
In the νMSM, therefore, BAU is related to the parameters of active neutrinos through physics
of N2 and N3.
The neutrino Yukawa matrix F for N2 and N3, which is a 3 × 2 matrix, can be expressed
without loss of generality as [15]
F =
i
〈Φ〉
U D1/2ν ΩD
1/2
N . (5)
Here parameters of active neutrinos are their masses Dν = diag(m1, m2, m3) and the mixing
matrix
U =

 c12c13 s12c13 s13e
−iδ
−c23s12 − s23c12s13e
iδ c23c12 − s23s12s13e
iδ s23c13
s23s12 − c23c12s13e
iδ −s23c12 − c23s12s13e
iδ c23c13

× diag(1 , eiη , 1) , (6)
with sij = sin θij and cij = cos θij . The Dirac and Majorana phases are denoted by δ and η,
respectively. Since we set Fα1 = 0, the masses of active neutrinos are
m3 = matm > m2 = msol > m1 = 0 in the NH case ,
m2 =
√
m2atm +m
2
sol > m1 =
√
m2atm > m3 = 0 in the IH case , (7)
The observational data of mixing angles are s212 = 0.318
+0.062
−0.048, s
2
23 = 0.50
+0.17
−0.14, and s
2
13 ≤ 0.053,
respectively, and masses are m2sol = ∆m
2
21 = (7.59
+0.68
−0.56) × 10
−5 eV2, and m2atm = |∆m
2
31| =
(2.40+0.35−0.33)× 10
−3 eV2 (at the 3σ level) [16]. Hereafter, we shall adopt the central values unless
otherwise stated.
On the other hand, parameters of N2 and N3 are their masses DN = diag(M2,M3) and the
3× 2 matrix
Ω =

 0 0cosω − sinω
ξ sinω ξ cosω

 in the NH case ,
Ω =

 cosω − sinωξ sinω ξ cosω
0 0

 in the IH case , (8)
where ξ = ±1 and ω is an arbitrary complex number.
In the considering situation there are three CP violating parameters, δ, η and Imω, in
leptonic sector, which can potentially contribute to the generation of BAU. In this analysis we
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concentrate on the case in which BAU is originated solely from the CP phases in the mixing
matrix of active neutrinos, and find the dependence on δ and η as well as the mixing angles θij
by taking Imω = 0.#1
3 Baryogenesis via Neutrino Oscillation
Let us then discuss how BAU is generated in the νMSM through baryogenesis via oscillation
of right-handed neutrinos [9]. In the considering model the lepton-number violations due to
Majorana masses are ineffective for high temperatures T & 100 GeV [9]. In order to generate
the baryon asymmetry, thus, it is crucial the lepton asymmetry is distributed into left-handed
leptons Lα and right-handed neutrinos NI for the temperatures of interest rather than its
creation. Then, the asymmetry stored in the left-handed sector is partially transferred into
the baryon asymmetry due to the B + L breaking sphaleron transition which is rapid for
T > TW ≃ 100 GeV [11].
We denote the asymmetries of numbers of N2,3 and Lα by ∆N2,3 and ∆Lα, respectively.
These asymmetries are estimated by solving the kinetic equations for their density matrices
ρNN and ρLL
#2, which are given by
i
dρNN
dt
= [H0NN + VN , ρNN ]−
i
2
{ΓN , ρNN − ρ
eq
NN}+
i sin φ
8
TF †(ρLL − ρ
eq
LL)F , (9)
i
dρLL
dt
= [H0LL + VL, ρLL]−
i
2
{ΓL, ρLL − ρ
eq
LL}+
i sin φ
4
TF (ρNN − ρ
eq
NN )F
† , (10)
where note again that F is the 3×2 matrix for neutrino Yukawa couplings of N2 and N3. H
0
NN
and H0LL denote the Hamiltonian when F = 0. The effective potentials and the destruction
rates for N and Lα are
VN =
1
8
T F †F , ΓN = 2 sφ VN , (11)
VL =
1
16
T F †F , ΓL = 2 sφ VL . (12)
where sφ ≃ 2 × 10
−2 [9]. Notice that these expressions are valid as long as T is sufficiently
higher than TW . The kinetic equations of the density matrices for the anti-particles ρN¯N¯ and
ρL¯L¯ are obtained by replacing F → F
∗ in Eqs. (9) and (10).
These equations include the medium effects of surrounding hot plasma, i.e., the thermal po-
tentials which describe the coherent oscillations of right-handed neutrinos induced by VN , and
the decoherent terms which describe the production and destruction of NI [9]. Furthermore, we
include the terms which express the exchange of asymmetries between left and right-handed sec-
tors [6]. It is found from Eqs. (9) and (10) that ∆Ntot+∆Ltot = 0, where ∆Ntot =
∑
I=2,3∆NI
#1 The impact of Imω on BAU will be discussed in elsewhere [17].
#2 The density matrix ρLL denotes the sum of ρνLνL and ρeLeL , which are the same in the temperatures under
consideration due to SU(2)L symmetry.
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and ∆Ltot =
∑
α=e,µ,τ ∆Lα, which is crucial in the considering baryogenesis scenario as men-
tioned above. For further details of these issues, please see Ref. [6].
The coupled equations (9) and (10) can be solved not only numerically, but also analytically
by using the perturbative expansion of the Yukawa coupling constants F [6]. The initial con-
ditions are taken as ρNN (0) = ρN¯N¯(0) = 0 and ρLL(0) = ρL¯L¯(0) = ρ
eq
LL. Then, we can estimate
the asymmetries as ∆NI = [ρNN ]II − [ρN¯N¯ ]II and ∆Lα = [ρLL]αα − [ρL¯L¯]αα. In the following
we will present the analytical expression of the active flavour asymmetry as well as BAU at the
leading order of F . We will also show the results from the numerical solutions of Eqs. (9) and
(10), which confirm the validity of the analytical expressions of the asymmetries.
4 Active Flavour Asymmetries
First of all, we discuss the yield of the active flavour asymmetry ∆Lα (α = e, µ, τ). The leading
order contribution to ∆Lα is induced at O(F
4) and the analytic expression at the temperature
T can be written as [6]
∆Lα(T ) =
s2φ
4
Aα32
M20
T 2L
J32(TL/T ) , (13)
where M0 ≃ 7.1× 10
17 GeV and the CP asymmetry parameter Aα32 is defined by
Aα32 = Im
[
Fα3 [F
†F ]32 F
∗
α2
]
. (14)
The typical temperature of the generation of ∆Lα, TL, is given by
TL =
(
1
6
M0∆M
2
32
) 1
3
= 2.2 TeV
(
M3
3 GeV
) 2
3
(
∆M232/M
2
3
10−8
) 1
3
, (15)
where ∆M232 =M
2
3 −M
2
2 . The evolution of ∆Lα is described by the function J32
J32(x) =
∫ x
0
dx1
∫ x1
0
dx2 sin(x
3
1 − x
3
2) . (16)
It is found that J32(x) ≃
3
20
x5 for x ≪ 1 while it is oscillating around and approaching to the
value
J32(x)|x≫1 =
21/3pi3/2
9Γ(5/6)
= 0.69 . (17)
Therefore, the active flavour asymmetry scales as ∆Lα ∝ T
5 for T ≫ TL and takes a constant
value for T ≪ TL as
∆Lα =
32/3 pi3/2 s2φ
18 Γ(5/6)
Aα32
M
4/3
0
(∆M232)
2/3
. (18)
We can see that ∆Lα for T ≪ TL is enhanced when N2 and N3 are quasi degenerate [6].
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Now we would like to express the CP asymmetry parameter Aα32 by using the parameters
of the neutrino Yukawa couplings in Eq. (5). In the NH case we evaluate Aα32 as
Aα32 = ξ sin 2Reω
M3M2(m3m2)
1/2(m3 −m2)
4 〈Φ〉4
× aα
= ξ sin 2Reω
M3M2m
3/2
atmm
1/2
sol
4 〈Φ〉4
× Smν × aα , (19)
where Smν is
Smν = 1− rm , (20)
where rm = msol/matm. The parameter aα can be evaluated as
ae = − sin θ12 sin 2θ13 sin(δ + η) ,
aµ = + sin
2 θ23 sin θ12 sin 2θ13 sin(δ + η)− sin 2θ23 cos θ12 cos θ13 sin η ,
aτ = +cos
2 θ23 sin θ12 sin 2θ13 sin(δ + η) + sin 2θ23 cos θ12 cos θ13 sin η . (21)
We find that the active flavour asymmetry depends on parameters of right-handed neutrinos
as ∆Lα ∝ ξ sin 2ReωM2M3/(∆M
2
32)
2/3, and hence vanishes when Reω = npi/2 (n is integer).
This is simply because the flavour oscillation between N2 and N3, which is essential to the
considering mechanism, disappears. On the other hand, the dependence on the mixing angles
and CP violating phases of active neutrinos is summarised in aα.
As already pointed out in Ref. [6], the total asymmetry of active flavours vanishes ∆Ltot = 0
at the leading O(F 4) since
∑
αA
α
32 = Im
[
[F †F ]23 [F
†F ]32
]
= 0, which can be seen as ae + aµ+
aτ = 0 in Eq. (21). It is interesting to note that the active flavour asymmetries depend on CP
violating phases in two ways, i.e., sin(δ + η) and sin η, and ∆Le only depends on the former
one. We also find that ∆Le vanishes and ∆Lµ = −∆Lτ when θ13 = 0. In this case ae = 0 and
aµ = −aτ = − sin 2θ23 cos θ12 sin η, and the asymmetries only depend on Majorana phase η as
expected.
On the other hand, in the inverted hierarchy case, the CP asymmetry parameter Aα32 can
be written as
Aα32 = ξ sin 2Reω
M3M2(m2m1)
1/2(m2 −m1)
4 〈Φ〉4
× aα
= ξ sin 2Reω
M3M2m
3/2
atmm
1/2
sol
4 〈Φ〉4
× Smν × aα , (22)
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where aα is found as
ae = + sin 2θ12 cos
2 θ13 sin η ,
aµ = −
[
sin2 θ23 cos
2 θ13 + cos 2θ23
]
sin 2θ12 sin η
+ sin 2θ23 sin θ13
[
cos η sin δ − cos 2θ12 sin η cos δ
]
,
aτ = −
[
cos2 θ23 cos
2 θ13 − cos 2θ23
]
sin 2θ12 sin η
− sin 2θ23 sin θ13
[
cos η sin δ − cos 2θ12 sin η cos δ
]
. (23)
Further, we have introduced
Smν = r
− 1
2
m (1 + r
2
m)
1
4
[
(1 + r2m)
1
2 − 1
]
=
r
3
2
m
2
[
1−
r4m
32
+O(r6m)
]
. (24)
We find that the active flavour asymmetry in the IH depends on the parameters of right-
handed neutrinos in the same way as in the NH. The total asymmetry of active flavours at
O(F 4) vanishes ∆Ltot = 0 as in the NH case.
It should be noted that, comparing with the NH case (19), Aα32 in the IH case receives of
suppression factor of Smν ≃ 0.04, and thus the production of active flavour asymmetries in IH is
less effective than NH apart from aα. Further, ∆Lα depends on CP violating phases differently
from the NH case. When θ13 = 0, we find that
ae = + sin 2θ12 sin η ,
aµ = − sin 2θ12 cos
2 θ23 sin η ,
aτ = − sin 2θ12 sin
2 θ23 sin η . (25)
Thus, as in the NH case, the asymmetries only depend on Majorana phase η, as expected. In this
case, however, ∆Le does not vanish even when θ13 = 0, and we have ∆Lµ = ∆Lτ = −0.5∆Le
for θ23 = pi/4.
The total asymmetry ∆Ltot is induced at O(F
6) and ∆Ltot = −∆Ntot. It is found in Ref. [6]
that
∆Ltot(T ) = −
sφ
8
∫ ∞
T
dT1
M0
T 21
∑
I=2,3
∑
α=e,µ,τ
∣∣F 2Iα∣∣∆Lα(T )
= −
s3φ
32
∑
I=2,3
∑
α=e,µ,τ
∣∣F 2Iα∣∣Aα32 M
3
0
T 3L
K(TL/T ) , (26)
where the evolution of ∆Ltot is described by the function K:
K(x) =
∫ x
0
dx1 J32(x1) . (27)
We find that K(x) ≃ x6/40 for x≪ 1 while K(x) ≃ J32(∞) x for x≫ 1.
#3 Then, we normalise
#3 We numerically find that K(x) can be fitted as K(x) = ax− b for 2 . x . 100, where a = 0.68 ≃ J32(∞)
and b = 1.4.
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Figure 1: Function κ(x) in Eq. (28).
K(x) as
K(x) = J32(∞) xκ(x) , (28)
where the behaviour of the function κ(x) is shown in Fig. 1.
It should be noted that we have so far assumed that N2 and N3 are out of equilibrium in
order to avoid the wash-out of the asymmetries. When the interaction rate of right-handed
neutrinos (11) is ΓN < H (the Hubble parameter) till the sphaleron transitions are switched
off at T = TW ≃ 100 GeV, the eigenvalues of F
†F should be smaller than 2.8× 10−14. This is
translated into the upper bound on the mass of right-handed neutrinos as M2,3 . 17 GeV [6]
for both the NH and IH cases by taking N2 and N3 are quasi-degenerate, which is required
to explain the observed BAU as we will show. We thus restrict ourselves in this mass region
below.
5 Baryon Asymmetry of the Universe
Now we are at the position to present the analytical expression of BAU and study how it
depends on masses, mixing angles and CP violating phases of active neutrinos. The baryon-
to-entropy ratio, YB = nB/s (nB and s are the baryon and entropy densities at the present
universe, respectively), is obtained from ∆Ltot as
YB = −cs
28
79
∆Ltot(TW ) , (29)
where cs = 7.0×10
−4. Notice that only the asymmetry in the left-handed leptons is transferred
via the sphaleron processes into the baryon asymmetry as ∆B = −28
79
∆Ltot [18], and this
transition is switched off for T < TW .
We take the typical temperature TL (15) for the generation of ∆Lα as TL & TW , and N2 and
N3 are quasi-degenerate, i.e. ∆M ≪ MN where M3 = MN +∆M/2 and M2 = MN −∆M/2.
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These are arranged in order to enhance the production of the baryon asymmetry. In this case,
we find that the analytical expression of YB for both the NH and IH cases is given by
YB = 1.8× 10
−11 κ(TL/TW )
M
7/3
0 M
5/3
N m
5/2
atmm
1/2
sol
TW (∆M
2
32/M
2
N)
2/3〈Φ〉6
× δCP
= 4.7× 10−10 δCP
(
102 GeV
TW
)(
MN
5 GeV
)5/3(
10−8
∆M232/M
2
N
)2/3
, (30)
where we have taken κ(TL/TW ) = 1 in the last equality. The CP asymmetry parameter δCP for
BAU is expressed as
δCP = ξ sin 2Reω · Smν δν . (31)
Here Smν is the parameter concerning with the neutrino mass hierarchy in Eq. (20) or (24)
for the NH or IH case, respectively. Therefore, YB in the IH case is suppressed by about 4%
compared with the NH case apart from δν .
It can be seen that to get the sizable YB the mass degeneracy of N2 and N3 at a rather
high accuracy is required. Note, however, that such a small mass difference is stable against
the radiative corrections due to the smallness of Yukawa coupling constants of neutrinos under
consideration. We also find that a larger YB can be obtained for a larger MN as long as
MN . 17 GeV. Otherwise, N2 and N3 get in thermal equilibrium and the asymmetries are
washed out. It should be noted that YB is proportional to ξ sin Reω, which means that the
sign of YB cannot be uniquely predicted even when all the parameters of active neutrinos are
experimentally determined.
In this expression we have introduced the CP asymmetry parameter δν to describe how YB
depends on the mixing angles and CP violating phases in the mixing matrix U . The analytical
expression for δν for both the NH and IH cases are presented in Appendix A. From now on
we shall study these dependence by using the analytical expression as well as the numerical
estimation of YB, which is obtained by solving numerically Eqs. (9) and (10).
In the NH case we find that the leading term of δν in the expansion of rm is given by
δν =
1
2
sin θ12 sin 2θ13[cos
2 θ13(3 + cos 4θ23)− 4 sin
2 θ13] sin(δ + η)
+ cos θ12 sin 4θ23 cos
3 θ13 sin η +O(rm) . (32)
It is seen that δν depends on the CP violating phases in two ways, i.e., δ + η and η.
We then find that when the mixing angle in the atmospheric neutrino oscillation is maximal
θ23 = pi/4, the leading term of δν depends only on the sum of the CP phases δ + η. This
behaviour can be understood in the left panel of Fig. 2, which represents the parameter region
accounting for the present observation data of YB in the δ-η plane obtained by the numerical
solutions of Eqs. (9) and (10). When θ23 is slightly smaller than pi/4, the allowed region becomes
drastically changed as shown in the right panel of Fig. 2. Thus, the deviation of θ23 from pi/4,
9
Figure 2: Parameter regions in the δ-η plane accounting for the observed baryon asymmetry in
the NH case are shown by lines. The red solid lines are for ξ = +1 while the blue dashed lines
are for ξ = −1. Here we takeM3 = 5 GeV, ∆M
2
32/M
2
3 = 10
−8, Reω = pi/4, and sin2 θ13 = 0.053.
We take sin2 θ23 = 0.5 (left) and 0.36 (right), respectively.
which will be tested in future oscillation experiments, is significant to determine YB in the
considering case.
On the other hand, when θ13 = 0, the CP asymmetry parameter becomes
δν = sin 4θ23 cos θ12(1− rm cos
2 θ12) sin η , (33)
including the higher order term of rm. In this case the asymmetry depends only on the Majorana
phase η as expected (since the Dirac phase δ always appears together with s13). It is very
important to note that δν = 0 when θ13 = 0 and θ23 = pi/4. In this case, the generation of BAU
in the NH case is ineffective and YB at O(F
6) vanishes.
Next, we turn to consider the IH case, where the CP asymmetry parameter δν at O(r
0
m) is
estimated as
δν =
1
4
sin 2θ12 cos
2 θ13
[
− 5− 3 cos 4θ23 + cos 2θ13(7 + cos 4θ23)
]
sin η
+ sin 4θ23 cos
2 θ13 sin θ13(sin δ cos η − cos 2θ12 cos δ sin η) +O(r
2
m) . (34)
It is then found that δν at the leading order depends only on the Majorana phase when θ23 =
pi/4, which should be compared with the NH case. This behaviour is shown in the left panel of
Fig. 3. Moreover, we discover that δν in the IH case does not vanish even when θ23 = pi/4 and
θ13 = 0;
δν =
1
2
[
1 + (1 + r2m)
1/2 + 3[1− (1 + r2m)
1/2] cos 2θ12
]
sin 2θ12 sin η
= sin 2θ12 sin η
[
1 +
1
4
(1− 3 cos 2θ12)r
2
m +O(r
4
m)
]
. (35)
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Figure 3: Parameter regions in the δ-η plane accounting for the observed baryon asymmetry
in the IH case are shown by shaded regions. The red solid lines are for ξ = +1 while the blue
dashed lines are for ξ = −1. Here we take M3 = 15 GeV, ∆M
2
32/M
2
3 = 10
−8, Reω = pi/4, and
sin2 θ13 = 0.053. We take sin
2 θ23 = 0.5 (left) and 0.36 (right), respectively.
This is one important feature of generating BAU in the IH case.
Therefore, YB in the IH case is smaller than the NH case in the most of the parameter space,
since it receives extra suppression factor of Smν in Eq. (24). See Fig. 4. However, when θ13 is
very small and also θ23 is almost maximal, baryogenesis in the NH case becomes ineffective and
hence the IH of active neutrino masses is the essence of accounting for the present BAU in the
νMSM.
6 Conclusions
We have studied baryogenesis in the νMSM via flavour oscillation between right-handed neutri-
nos N2 and N3. In particular, the case when BAU comes solely from the CP violating phases in
the mixing matrix of active neutrinos has been investigated. We have presented the analytical
expressions of BAU for both the NH and IH cases of active neutrino masses, and have demon-
strated how the present value of BAU depends on the Dirac and Majorana phases as well as
the neutrino mixing angles. We have shown that BAU depends on the neutrino mass hierarchy
and YB in the IH case receives the suppression factor of Smν ≃ 4%. It has been found that YB
is very sensitive to the mixing angles θ23 and θ13. When θ23 = pi/4, the leading contribution to
YB is proportional to sin(δ+ η) for the NH case while to sin η for the IH case. Moreover, when
θ23 is almost maximal and θ13 is very small, the CP asymmetry parameter in YB vanishes and
no baryon asymmetry is generated (at least the leading O(F 6) contribution) in the NH case.
In this case, the IH case is required to explain the observed BAU.
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Figure 4: YB in terms of sin θ13 are shown by lines. The red solid line is for the NH case
while the blue dashed line is for the IH case. The horizontal, green long dashed lines show the
region for the observed baryon asymmetry. Here we take M3 = 15 GeV, ∆M
2
32/M
2
3 = 10
−8,
Reω = pi/4, δ = 7pi/4, and η = pi/3. We take sin2 θ23 = 0.5 (left) and 0.36 (right), respectively.
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A CP Asymmetry Parameter δν
In this appendix, we write down the CP asymmetry parameter δν defined in Eq. (31). This
parameter can be found from
∑
I=2,3
∑
α=e,µ,τ
|FαI |
2 aα =
matmMN
2 〈Φ〉2
δν , (36)
where we have neglected the terms which are proportional to ∆M/MN .
In the NH case, we can parameterize δν as
δν = d1 + rmd2 . (37)
The leading term d1 is estimated as
d1 =
1
2
sin θ12 sin 2θ13[cos
2 θ13(3 + cos 4θ23)− 4 sin
2 θ13] sin(δ + η)
+ cos θ12 sin 4θ23 cos
3 θ13 sin η +O(rm) , (38)
12
which had already shown in Eq. (32). For the sub-leading term we can find that
d2 = −2 sin θ12 cos
2 θ12 sin 4θ23 cos θ13
(
1 + sin2 θ12 cos 2θ13
)
sin η
− sin θ12 cos
2 θ12 sin
2 θ23 sin 2θ13 sin (δ − η)
+
1
8
sin 2θ13
[
−2 sin3 θ12 cos 2θ13 (7 + cos 4θ23) + sin
2 2θ23 (sin θ12 + 5 sin 3θ12)
]
sin (δ + η)
+2 sin3 θ12 cos
2 θ12 sin 4θ34 sin
2 θ13 cos θ13 sin (2δ + η) . (39)
In the IH case, on the other hand, we can parameterize δν as
δν = (1 + r
2
m)
1
2 d1 + d2 , (40)
where
d1 =
[1
8
sin 2θ12 cos
2 θ13 {−5 − 3 cos 4θ23 + cos 2θ13 (7 + cos 4θ23)}
−
1
64
sin 4θ12
{
29 + 27 cos 4θ23 + cos 4θ13 (7 + cos 4θ23) + 40 sin
2 θ23 cos 2θ13
} ]
sin η
+
1
8
sin 4θ23
[
4 sin θ13
{
cos2 θ13 + cos θ12
(
1 + sin2 θ13
)}
sin δ cos η
−
{
4 cos 2θ12 sin θ13 cos
2 θ13 + cos 4θ12 (7 sin θ13 − sin 3θ13)
}
cos δ sin η
]
−
1
2
sin2 2θ23 sin
2 θ13 (2 sin 2θ12 sin 2δ cos η − sin 4θ12 cos 2δ sin η) , (41)
d2 =
[1
8
sin 2θ12 cos
2 θ13 {−5 − 3 cos 4θ23 + cos 2θ13 (7 + cos 4θ23)}
+
1
64
sin 4θ12
{
29 + 27 cos 4θ23 + cos 4θ13 (7 + cos 4θ23) + 40 sin
2 θ23 cos 2θ13
} ]
sin η
+
1
8
sin 4θ23
[ {
sin θ13 (1− 7 cos 2θ12) + 2 cos
2 θ12 sin 3θ13
}
sin δ cos η
−
{
4 cos 2θ12 sin θ13 cos
2 θ13 + cos 4θ12 (−7 sin θ13 + sin 3θ13)
}
cos δ sin η
]
+
1
4
sin2 θ13
[
sin 2θ12 sin
2 2θ23 sin 2δ cos η − sin 4θ23 (1− cos 4θ23) cos 2δ sin η
]
. (42)
Actually, the leading term of Eq. (40), i.e., δν |rm=0 is obtained from d1 + d2 as,
d1 + d2 =
1
4
sin 2θ12 cos
2 θ13
[
{−5 − 3 cos 4θ23 + cos 2θ13 (7 + cos 4θ23)} sin η
+4 sin θ13 sin 4θ23 (sin δ cos η − cos 2θ12 cos δ sin η)
]
. (43)
This conclusion is consistent with Eq. (34).
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